Various effects occur which can prevent attainment of the high Q's and/or the high gradient fields necessary for the operation of rf superconducting cavities.
I. Introduction -.
Electron loading in rf superconducting cavity structures constitutes a major problem in the application of superconducting technology to storage rings and accelerators. In recent years. new choices of cavity geometries yhich inhibit multipacting have been successfully applied to the construction of superconducting accelerator structures. The problem remains, however, of decreasing or eliminating the effects of multipacting in parts of the structures for which the geometry cannot be significantly changed, such as in higher-order-mode couplers. In these cases the suppression of multipacting can be achieved by coating the surfaces of interest with a material which must have both a low secondary electron emission (SEE) coefficient and low rf losses, in order to maintain the original high unloaded Q of the cavity. Materials such as NbC, NbN, TiC and TiN seem to be good candidates for this purpose(l). They are good electrical conductors and possess rather high superconducting transition temperatures (2) .
TiN is routinely used at SLAC as a proven anti-multipactor coating for intercavity coupling slots, rf windows and rf coupling loops on normal conductor surfaces. Preliminary surface physics studies on this material indicated that as-deposited films exhibited low SEE yields, but exposure to air caused the SEE yields to increase so much that such films would appear useless as antimultipactor coatings. To explore the apparent contradiction between experiment and practice, those conditions were examined which might lead to an in-situ lowering of the SEE yield. One such condition is electron-bombardment of the TiN-coated surfaces during initial running of rf devices.
Experiment
The experimental apparatus consisted of a stainless steel UHV analysis chamber linked to a process system chamber via a magnetically coupled sample transfer mechanism ( Figure 1 ). The pressure.was typically 2 X, 1011' Tsrr in the analysis chamber and 1 x lo-' Torr in the process chamber.
A Vacuum Generators, Ltd. CLAM 100 XPS unit controlled by a Digital Equipment Corporation Model LSI-11 microcomputer was used to collect the Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) data using electron pulse counting techniques. The total secondary electron emission (SEE) yield data were collected using an electron beam at normal incidence, a programmable high voltage power supply and an electrometer which were also under computer control ( Figure 2 ).
The SEE measurements were done using a retarding voltage method(l) in which a 1.5 keV electron beam with a current of 2 nA (current density 4 pA-cmF2) strikes the sample whose potential is varied from -50 to -1450 volts in 10 volt steps. The current flowing through the sample was measured at each retarding voltage by an electrometer, and the total secondary yield Q was calculated using:
The electron dose per yield curve was 1 x 1016 cmm2.
The AES measurements were taken using an electron current of 50 nA rastered over approximately .25 cm2 (current density 0.2 pA-cme2) of the sample.
The analyzer was operated in the constant retard ratio (CRR, energy resolution -1%) mode for the AES measurements. The electron dose per AES curve was 14 x 1015 cms2 . .
The XPS data was collected using a Mg anode bombarded with 12 keV electrons at 20 mA. The Vacuum Generators, Ltd. analyzer was operated in the constant analyzer energy (CAE, energy resolution -0.75 eV) mode with a pass energy of 20 eV. Photoelectrons were collected from .17 cm2 sample area, chosen to fall within the area dosed in the electron beam exposure experiments to be described later. Binding energy references for XPS are the Pd Fermi edge (BE=O) and the Ag 3d5i2 core line-(BE=368.2 eV)rPhotoekctron dose for a typical XPS spectrum was 1 X 1015 cmm2.
The samples were single-crystal Nb discs of unknown orientation, 1.6 cm diameter x 0.5 cm thick, cut from low Ta (~350 ppm) rods which have been outgassed at 2500 K. After machining, they were mechanically polished with .5 pm diamond paste and electropolished in 10% HF -90% HzS04 solution which removed approximately 50 pm of Nb surface.
The discs were sputter-cleaned in situ and the various films were sputter-ion deposited using a Kaufman-type(3) ion source. The films were generally deposited to a thickness of 14 nm as determined by using a quartz-crystal thickness monitor, this being the thickness of the TiN coatings used successfully at SLAC.
Immediately after deposition the samples were transferred to the analysis tank for the SEE, AES, and XPS measurements.
After the data on the as-deposited films was collected, the samples were moved to a loading chamber where they were exposed to room air (295K, 50%
relative humidity) at atmospheric pressure for one hour. The loadmg chamber was then evacuated and the samples were transferred back to the analysis tank for characterization as described above.
The electron beam exposures were accomplished using an energy of 1067 eV The XPS data gives more easily extractable information about the chemical states present in the films but probes to a somewhat greater depth than AES.
After deposition, XPS shows primarily the material sputtered onto the Nb discs, with some films incorporating small amounts of oxides (again, probably due to Hz0 desorbed from the chamber walls during sputter deposition). After exposure to air the amount of oxide present in each material rises significantly with a concomitant decrease in the primary species. After electron bombardment, XPS
shows that the oxide levels are slightly reduced by bombardment.
In addition to XPS, AES and SEE, we have made some electron-induceddesorption (EID) measurements of the oxidized layer; on Nb &d NbN/Nb. O+ -emission is observed whose desorption rate increases with e-beam exposure, in agreement with the observations of ethers (4) . This rate increase is due to a rise in the surface concentration of weakly-bound surface oxygen, created during reduction of the NbzOs to sub-oxides by electron bombardment. for the amount of oxygen present show equality there.
NBN
The yield ( Figure 15 ) for NbN is slightly higher than that for Nb for asdeposited and oxidized. The oxidation produces predominantly Nb205 ( Figure   16 (b)) as in the case of Nb oxidation. The hope is that, since NbN has a rather high superconducting transition temperature (Tc=16K), the oxide might be finegrained as opposed to the native NbaOs/Nb oxide which is known(s) to be very inhomogeneous. We have not investigated the granularity of our films but it is clear that the yield for NbN is similar to Nb, thus making further investigations worthwhile. The Nb205 layer on NbN is reported to grow more slowly than that on Nb and saturates at a lower thickness than Nb, although there is evidence that it, too, may be fragmented(13). The SEE yield of our samples shows a substantial increase upon oxidation.
Enhanced yields for thin oxides, on Nb for example, have been observed beforec8).
Such increases are due to the reduced-electron-electron scattering mechanism in insulators. The primary beam penetration depth, as well, is larger in the metal oxide than in the parent metal. For example in oxidized Nb, where the peak of the SEE yield is -300 eV (Figure 3) , the penetration depth(18) at that energy is 3.4 nm for Nb and 5.6 nm for Nb205. If the penetration depth is roughly the oxide thickness, the yield will be enhanced compared to either substantially deeper -or -shallower penetration(lg). The fact that our oxidized Nb overlayer thickness is about one-third of this penetration depth suggests that primary electron backscatter from the Nb substrate strongly enhances the secondary yield.
Charging of the oxide layer under electron bombardment has been observed in thin MgO layers(201 and oxidized Nbc8) but we see no evidence of that here, although we have seen charging in thick oxides and on severely contaminated surfaces. 
ELECTRON-BOMBARDMENT

Conclusions
Although clean Nb has a SEE yield low enough to be useful for the construction of RF cavities, the native oxide which forms upon exposure to air increases the SEE yield enough to cause multipacting to be a major problem. It is therefore useful to coat Nb structures with materials capable of reducing the effects of multipacting, and which preserve the superconducting properties of the clean Nb surface.
Materials such as NbC, NbN, TiC and TiN, as-deposited, have SEE yields low enough to minimize multipacting effects. Exposing these coatings to air causes a rise in the SEE yields and would apparently make them unsuitable for use in RF cavities.
We have shown, however, that electron bombardmenSwith6doses of less than ?LO18 cmA2 reduces the SEE yields to values approaching those of the as-deposited films. We conclude that the in-situ electron bombardment, which occurs during rf device processing and is several orders of magnitude greater than that used in our experiments, serves to reduce the effective SEE yield and thereby may cause substantial reduction in multipacting in coated rf cavities. Table I 
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4. XPS spectra for sputter-cleaned Nb. a) As cleaned, b) exposed to room air 1 hr., c) electron-bombarded, same rate and dose as Fig. 3 . M -metal, 0 -oxide. Spectra offset vertically for clarity.
5. AES spectra for sputter-cleaned Nb. a) As cleaned, b) exposed to room air 1 hr., c) electron-bombarded, same rate and dose as Fig. 3 . Spectra offset vertically for clarity.
6. Total secondary electron emission yield vs. primary electron energy for 1.5 nm TiN layer on Nb. a) As deposited, b) exposed to room air 1 hr., c) electron-bombarded, dose rate = 1.61 x 1012 cme2-secm1 and total dose = 1 7 x 1017 cmb2 . . 
